
C
h

C

1

S
n
t
s
h
I
p
r
b
r

e
p
m
p
e
m

L
e
D
C
C
P
M

6

orrection of phase distortion in spatial
eterodyne spectroscopy

hristoph R. Englert, John M. Harlander, Joel G. Cardon, and Fred L. Roesler

The detailed analysis of measured interferograms generally requires phase correction. Phase-shift
correction methods are commonly used and well documented for conventional Fourier-transform spec-
troscopy. However, measured interferograms can show additional phase errors, depending on the
optical path difference and signal frequency, which we call phase distortion. In spatial heterodyne
spectroscopy they can be caused, for instance, by optical defects or image distortions, making them a
characteristic of the individual spectrometer. They can generally be corrected without significant loss
of the signal-to-noise ratio. We present a technique to measure phase distortion by using a measured
example interferogram. We also describe a technique to correct for phase distortion and test its per-
formance by using a simulation with a near-UV solar spectrum. We find that for our measured example
interferogram the phase distortion is small and nearly frequency independent. Furthermore, we show
that the presented phase-correction technique is especially effective for apodized interferograms. © 2004
Optical Society of America
OCIS codes: 300.6300, 120.6200, 120.2650.
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. Introduction

patial heterodyne spectroscopy �SHS� is a relatively
ovel concept that, when compared with other spec-
roscopic techniques such as Fabry–Perot or Michel-
on interferometers, can offer many advantages for
igh-spectral-resolution diffuse-source spectroscopy.
t was conceived in the late 1980’s and was made
ossible primarily by the availability of detector ar-
ays, e.g., the charge-coupled device �CCD�, in com-
ination with high computing speed to process the
ecorded interferogram data.1

The basic SHS configuration is similar to a Mich-
lson interferometer with the return mirrors re-
laced by fixed diffraction gratings. It contains no
oving parts and can be field widened with fixed

risms in the interferometer arms to increase the
´tendue of the instrument by as much as 2 orders of

agnitude over conventional Fabry–Perot or scan-
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ing Michelson interferometers. Detailed descrip-
ions of SHS can be found in publications by
arlander et al.1–3

Figure 1 shows the basic, non-field-widened SHS
onfiguration. A major difference between conven-
ional Fourier-transform spectrometers and SHS is
hat in SHS all interferogram points are recorded
imultaneously by an array of detectors, whereas a
ourier-transform spectrometer records the inter-

erogram samples with a single detector in a time
eries during which the scan mirror is moving. In

Fourier-transform spectrometer, light from the
ntire aperture of the interferometer is focused on a
ingle detector element. This drives the need for
at, homogenous interferometer optics and a well-
ontrolled scanning mechanism because variations
n optical path difference across the interferometer
perture of more than a fraction of a wavelength
reatly reduce the detected fringe contrast and the
ignal-to-noise ratio of the spectrum. In the SHS
onfiguration, the fringe localization plane near the
ratings is focused onto the imaging detector, as
llustrated for one detector element in Fig. 1. Con-
equently, the signal for each interferogram ele-
ent uses only a small area of the gratings, beam

plitter, and the exit optics before it reaches the
etector. Variations in optical flatness across the
perture result primarily in a phase distortion in
he interferogram and produce fringes that are not

traight and equally spaced; however, the fringes
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FTS, Fourier-transform spectrometer.
re recorded with high contrast as long as the in-
erferometer elements are good over the small area
ampled by each detector pixel. These phase dis-
ortions are analogous to nonuniform path differ-
nce sampling in Fourier-transform spectroscopy
FTS�. Another potential cause for phase distor-
ion in a SHS interferogram is the image distortion
f the exit optics, which reimages the fringe local-
zation plane on the detector array. These phase
istortions have no obvious equivalent in FTS.
enerally, significant phase distortion can and

hould be avoided in any SHS instrument design.
f, however, an instrument shows significant phase
istortion,4 it is a characteristic of the spectrometer
nd can generally be corrected without significant
oss of the signal-to-noise ratio in the measured
ata during the postprocessing of the interfero-
ram. The SHS concept therefore poses relaxed
atness, index homogeneity, and alignment re-
uirements compared with a Fourier-transform
pectrometer. Moreover, optical defects, for exam-
le, a scratch on the grating, have only a localized
ffect on the interferogram, which allows for their
solation and proper treatment in the processing of
he interferogram.

In the following section we revisit the basics of the
HS interferogram as a basis for the subsequent dis-
ussion on how to determine the phase distortion for
given spectrometer. As an example, an interfero-

ram measured with the Spatial Heterodyne Imager
or Mesospheric Radicals–Space Shuttle Middeck
SHIMMER–MIDDECK� instrument3 is used. Fi-
ally, correction techniques for different types of
hase distortion are discussed by use of model calcu-

ations of a near-UV solar spectrum. t

2

. Spatial Heterodyne Spectroscopy Interferogram

igure 1 illustrates the basic process by which a SHS
nterferogram is created. Incoming wave fronts are
plit into the two interferometer arms, and the re-
urning diffracted wave fronts recombine at the beam
plitter. The recombining wave fronts are parallel
nd coincident for only one wave number, the Littrow
ave number ��0�, which produces a constant signal
cross the detector. For wave numbers different
rom the Littrow wave number, the exiting wave
ronts are crossed as shown in Fig. 1, resulting in a
ringe pattern that is recorded by the detector array.
or wave numbers close to the Littrow wave number,
he spatial frequency of the fringes is directly propor-
ional to the wave-number difference ��� � �0 � ��, so
hat the modulated portion of the detected signal is
he Fourier transform of the incident spectral distri-
ution heterodyned around the Littrow wave num-
er.1
For the following discussion of phase distortion, we

ntroduce the fundamental form of a SHS interfero-
ram, in which x is the location of an individual de-
ector element in the dispersion plane �x � 0 is the
oint of stationary phase, i.e., the location of zero
ath difference �ZPD��, 	 is proportional to the het-
rodyned wave number, ��, and 
�	, x� is an additive
hase-distortion term:

I� x� � �
��

�

A�	, x�
�	��exp�i�	x � 
�	, x���

� exp��i�	x � 
�	, x����d	. (1)

he goal is to retrieve the spectral intensity 
�	� from
he interferogram, which is the sum of cosine fringes
ith the amplitude 
�	� multiplied by a normalized
nvelope function A�	, x�. If the envelope function is
nity and the phase-distortion term, 
�	, x�, is zero,
simple Fourier transform yields 
�	� for 	 � 0 and
��	� for 	 � 0. The effect of the envelope function

s that the retrieved spectrum is convoluted with the
ourier transform of the envelope function. This ef-

ect is familiar from FTS and contributes to the finite
esolution of measured spectra and the instrumental
ine-shape function in general. In SHS the envelope
unction depends on wave-number-independent con-
ributions such as the finite detector size and wave-
umber-dependent contributions such as the
odulation transfer function of the imaging optics.

n the following we do not investigate the effects of
�	, x� further because they are similar to FTS. In-
tead, we focus on the effect of the phase term.

. Measuring Phase Distortion

. Method

he overall approach to determine phase distortion is
ig. 1. Schematic diagram of the basic non-field-widened SHS
onfiguration. The dashed lines illustrate an incoming wave front
nd the corresponding exiting wave fronts, which are crossed with
n angle of 2�. The ray bundle for one interferogram element is
utlined, showing that only a small section of the interferometer
nd optics are used for any individual interferogram element.
o use measurements of a monochromatic source.

0 December 2004 � Vol. 43, No. 36 � APPLIED OPTICS 6681
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6

or a monochromatic source, the modulated portion
f the interferogram I	0

can be written as

I	0
� x� � A�	0, x�
�	0�(exp�i�	0 x � 
�	0, x���

� exp��i�	0 x � 
�	0, x���). (2)

f the phase-distortion term varies slowly with x, the
ourier transform of I	0

, F�I	0
�, has nonzero values

nly in the vicinity of 	0 and �	0, corresponding to
he two exponential functions in Eq. �2�. By multi-
lying F�I	0

� with a window function that removes the
ignal at and around �	0, we can isolate the signal
round 	0, and, after backward transformation, we
et

I	0
� x� � A�	0, x�
�	0�exp�i�	0 x � 
�	0, x���. (3)

he total phase for 	0 can then be obtained by

	0 x � 
�	0, x� � arctan���I	0
� x�����I	0

� x���, (4)

here � and � extract the imaginary and real parts
f their respective arguments. By subtracting the
rst term from the left side of Eq. �4�, one can deter-
ine the phase distortion for the wave number of the
onochromatic source. To determine the phase dis-

ortion as a function of wave number, 
�	, x�, one can
epeat the procedure with monochromatic sources of
ifferent wave numbers. Most convenient is a tun-
ble monochromatic source. As an alternative, one
an use a source with well-separated unresolved
ines. Isolating the different lines in F�I�, as de-
cribed above, then yields the same result as with a
rue monochromatic source.

At this point, we also mention that the shape of the
nvelope function A�	0, x� can be obtained from Eq.
3� in that 
�	0� is a scalar and the exponent of the
xponential function is known from the first term in
q. �4�. The investigation of the wave-number-
ependent envelope function is useful to understand
he wave-number-dependent instrumental line-
hape function of a given interferometer.

. Example

s an example for a measurement of the phase dis-
ortion of a SHS spectrometer, we use the
HIMMER–MIDDECK instrument that flew on the
pace Shuttle Atlantis �STS-112� in October 20023,5

nd a manganese–neon �MnNe� hollow-cathode lamp
s the source. The SHIMMER–MIDDECK instru-
ent measures double-sided interferograms with a
V-sensitive CCD. Some key design specifications

f this instrument are listed in Table 1. Figure 2

Table 1. Key Design Parameters

Attribute

Spectral filter
Resolving power
Spectral resolution
Maximum étendue �without optics transmission�
hows the power spectrum �relative intensity versus d

682 APPLIED OPTICS � Vol. 43, No. 36 � 20 December 2004
ringe frequency� of the MnNe lamp within the pass-
and of the spectrometer around 309 nm. We deter-
ined the spectrum by transforming the modulated

art of the measured interferogram after correcting it
or detector offset �bias and dark� and a flat field.
rom the 32 interferograms that SHIMMER–
IDDECK images simultaneously on the CCD,3 in-

erferogram number 16 was chosen for this example.
his interferogram was recorded along a CCD row
ear the center of the two-dimensional array. The
ower spectrum in Fig. 2 also includes the negative
patial frequencies, which result directly from the
ourier transform of the interferogram. The spec-
ral filter blocks any real signal at negative frequen-
ies �see Table 1�. The spectral resolution of the
easurement is approximately 58 mÅ.
The MnNe spectrum features several atomic lines.

our of these lines, identified as A, B, C, and D in Fig.
, were chosen for the determination of the wave-
umber-dependent phase distortion. They were se-

ected because they are strong and interference of
eighboring lines is minimal. Details about the se-

ected lines are given in Table 2.
Following the method described above, we now iso-

ate the individual lines. We chose to multiply the
omplex spectrum with normalized Gaussian func-
ions centered on the maximum intensity of the lines
nd a full width at half-maximum �FWHM� of 9.7
pectral elements. The isolation functions are
hown in gray and referenced to the right ordinate in
ig. 2. Backward transformation of the isolated

ines yields I	0
�x� for each line, and we can now cal-

ig. 2. Black curve, power spectrum of a MnNe hollow-cathode
amp as measured by the SHIMMER–MIDDECK instrument ver-
us spatial frequency of the recorded fringes. Gray curve, Gauss-
an functions �FWHM � 9.7 spectral elements� used to isolate
ndividual emission lines in order to determine the frequency-

SHIMMER–MIDDECK Instrument

Design Value

2.3 nm FWHM centered at 308.9 nm
53,500
58 � 10�3 Å
96 � 10�3 cm2 sr
of the
ependent phase distortion.
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ulate the total phase �
�	0, x� � 	0x� for each line by
sing Eq. �4�.
We define phase shift as the phase at x � 0 �near

he ZPD�. This phase shift can be considered to be
he value of the phase-distortion function at x � 0.
he phase shift for our example spectrum is shown in
ig. 3 as a function of the wavelength. The near-

inear wavelength dependence is familiar from FTS
nd is the result of effects such as the dispersion
ithin the interferometer or the sampling grid, which
enerally does not include the ZPD location. For
ncreased clarity of the following considerations, we
ubtract the phase shift from the total phase of the
mission-line interferograms so that all measured
hase functions are zero at x � 0.
To determine the phase distortion, 
�	0, x�, from

q. �4�, we need to determine 	���, where � is the
ave number of the signal. This is equivalent to the

requency calibration of the spectrometer. In our
xample, we fit a phase plane ��	���, x� to the phase
unctions of the four emission lines. ��	���, x� as-
umes a linear relationship between the heterodyned
ave number and 	:

���, x� � 	��� x � C�� � �0� x. (5)

he two fit parameters are �0, the Littrow wave num-
er, and C, a constant. The result of the fit is shown
n Fig. 4. In this three-dimensional plot the mea-
ured, phase-shift-corrected phase functions of the
our emission lines are plotted as bold solid lines with
he fitted phase plane overplotted in gray. For the
ittrow wave number �0, the phase function is zero

or each pixel. For pixel number 0, near the ZPD,
he phase function is zero for all wave numbers be-
ause we phase shift corrected the measured phase
unctions. The fit results in a Littrow wave number
0 of 32570.4 cm�1 �� � 307.027 nm� and a C of

ig. 3. Phase shift near the ZPD point for the four MnNe emission
ines. The naming of the lines �A, B, C, D� follows from Fig. 2 and

Table 2. Emission Lines Selected for This Study

Identifier Emitter Line position6 �nm�

A Mn I 307.9642
B Ne II 308.8170
C Ne II 309.2901
D Ne II 309.7133
able 2. t

2

.0101412 ��rad�cm�1��pixel width�, which corre-
ponds to a grid spacing of approximately 58 mÅ in
he spectrum and a maximum bandwidth of approx-
mately 2.97 nm for 1024 interferogram samples.

At this point we can determine the phase distortion
�	0, x�, which, according to Eq. �4�, is the residual of

he measured phase functions and the phase plane
lus the phase shift that we subtracted before the fit.
Figure 5 shows the phase-shift-corrected phase dis-

ortion for the four emission lines in the MnNe spec-
rum. The data show that there is little phase
istortion around the ZPD location �x � 0�, but a
mall additional phase component is apparent for all
our wave numbers toward higher optical path differ-
nce. The data do not show a strong wave-number
ependence of the phase distortion, as indicated by
he similarity of the four curves. The slight wave-

ig. 4. Bold, solid traces are the phase-shift-corrected total phase
unctions of the four MnNe emission lines listed in Table 2. The
ray mesh is the phase plane that is fitted to the four phase
unctions. The two fit parameters are the Littrow wave number
0, where the phase function is zero, and the parameter C, which

s the linear slope increase of the phase functions with respect to
he heterodyned wave number ��0 � ��; see also Eq. �4�.

ig. 5. Phase-shift-corrected phase distortion for the four emis-
ion lines listed in Table 2. All graphs are zero for pixel 0 owing
o the phase-shift correction. The phase distortion does not show
significant frequency dependence �the curves basically fall on top

f one another�. The smoothness of the curves is caused by the
arrow Gaussian isolation functions shown in Fig. 2. The phase
istortion is small in the center of the detector array, and the
aximum phase distortion is less than a fringe �2��, even for line
, which has the highest spatial frequency ��467 fringes per de-
ector width� of the four lines.

0 December 2004 � Vol. 43, No. 36 � APPLIED OPTICS 6683
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umber dependence is possibly caused by the inter-
erence of neighboring lines.

The smoothness of the phase distortion in Fig. 5 is
direct consequence of the narrow Gaussian isola-

ion function. Ideally, a monochromatic source is
sed to determine the phase distortion, so that a
arrow isolation function is not necessary to suppress
eighboring lines; thus the phase distortion can be
etermined with higher resolution. However, as
ong as the phase distortion is sufficiently slowly
arying, a high-resolution measurement of its varia-
ion should not be necessary.

If significant phase distortion is present for a given
HS instrument, it is characteristic of the spectrom-
ter and can generally be corrected for in the post-
rocessing of the interferogram with little impact on
he signal-to-noise ratio. In the following, we dis-
uss several types of phase error and possible correc-
ion techniques.

. Phase Shift �� � ������

he case in which the phase term in Eq. �1� is a
unction of wave number only �
 � �	�	�� is com-
only known as phase shift. Possible causes for

hase shift are an uncompensated beam splitter or a
ampling grid that does not include the exact zero
ath location of the measured interferogram. Phase
hift has been discussed widely in the FTS literature,
o we mention only some key aspects of it and refer
he reader to the references for details.

Equation �1� shows that a phase shift is equivalent
o a multiplication of the recovered spectrum by
xp�i�	�	�� for 	 � 0 and exp��i�	�	�� for 	 � 0. The
implest correction method is to calculate the absolute
alue of the retrieved spectrum, also called the power
pectrum. This operation ensures that the entire
pectral information is again contained in the real part
f the recovered spectrum; however, it has a nonlinear
ffect on the measurement noise7 because both the real
nd the imaginary noise components contribute to the
ower spectrum.
Better correction techniques are based on a deter-
ination of �	�	� from the double-sided part of the

nterferogram by use of the fact that the spectrum by
efinition has no imaginary part. Generally, the mul-
iplication of the spectrum8 with exp�i�	�	�� or the
quivalent convolution in the interferogram domain7

ill yield the phase-corrected spectrum. Especially
or one-sided interferograms and emission-line spec-
ra, the phase-shift correction has to be performed
arefully to avoid the introduction of intensity and ab-
olute line position errors. Further details about
hase-shift correction can be found in the FTS
iterature.7–10

. Frequency-Independent Phase Distortion �� � �x�x��

he case in which the phase term in Eq. �1� is a
unction of optical path difference only �
 � �x�x�� is
ot typical for FTS but can be found in narrow-
andpass SHS systems. It can be caused, for exam-
le, by grating figure errors or index inhomogeneities

n the interferometer. The phase error �x�x� can be b

684 APPLIED OPTICS � Vol. 43, No. 36 � 20 December 2004
etermined from a single interferogram of one mono-
hromatic source as described by Harlander et al.2 or
rom a multiline source as discussed previously in
his paper. Correcting a frequency-independent
hase distortion2 can be achieved by a multiplication
f the interferogram in Eq. �1� with exp��i�x�x��,
hich yields

I�� x� � �
��

�

A�	, x�
�	�exp�i�	x�� � A�	, x�
�	�

� exp��i�	x � 2�x� x���d	. (6)

he first term is identical to the corresponding term
n the interferogram without any phase error. Its
ourier transform is the spectrum 
�	� for 	 � 0.
ere the instrumental line-shape function is the Fou-

ier transform of the envelope function A�	, x�, which
emains unchanged. The second term in Eq. �6� ac-
uires twice the phase error, and the Fourier trans-
orm of this term results in 
�	� for 	 � 0 convoluted
ith the Fourier transform of A�	, x�exp��2i�x�x��.

f this corrupted envelope function is a slowly varying
unction of x, its Fourier transform will be localized,
.e., confined to low-frequency components. In this
ase the second term in Eq. �6� will have only a small
ffect on the 	 � 0 part of the Fourier transform of
��x�, which then contains the complete, corrected
pectral information. The 	 � 0 part can be ignored.
According to the convolution theorem of Fourier

ransformation, the multiplication with exp��i�x�x��
n Eq. �6� is equivalent to the convolution with the
ourier transform of exp��i�x�x�� in the spectral do-
ain. For slowly varying phase distortions the con-

olution kernel F�exp��i�x�x��� has the advantage of
eing localized in the spectral domain �see below�.

. Frequency-Dependent Phase Distortion �� � ��x, ���

he case of the frequency-dependent phase distortion
s the most general case. The previously discussed
ases are included in this case.

A possible cause for frequency-dependent phase
istortion is image distortion by the exit optics �L2
nd L3 in Fig. 1�. If image distortion is present, the
ringe pattern at the detector still appears in focus,
ut the magnification of the image changes across the
etector array. As a consequence, the fringe fre-
uency from a monochromatic source changes across
he detector array. In this case, the resulting phase
istortion is proportional to the fringe frequency. In
ur previously discussed example, image distortion
ould cause the phase distortion of line D ��467

ringes per detector width� to be approximately 2.8
imes the phase distortion of line A ��164 fringes per
etector width�. Figure 5 does not show this behav-
or, which indicates that, for this instrument, image
istortion is not the dominant contribution to the
hase distortion.
The correction of the frequency-dependent phase

istortion has to be performed in the spectral domain
ecause the correction is different for each wave num-

er and the interferogram samples carry information
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f all wave numbers at the same time. In the case of
he frequency-independent phase distortion we
ound, at the end of Section 5, that the correction can
e performed in the spectral domain via a convolution
ith a correction function. Here we will apply a

imilar technique.
To correct for the frequency-dependent phase dis-

ortion, we first calculate the Fourier transform of
xp��i��x, 	�� for each 	, which we call G	�	��:

G	�	�� � F(exp��i��� x, 	���). (7)

hen we correct the spectrum 
U�	�� that results
rom the Fourier transformation of the uncorrected
nterferogram by convolving it with G	�	��:


C�	� � �
��

�


U�	��G	�	 � 	��d	�. (8)

n the strict mathematical sense, this is only a con-
olution if the function G	�	�� is independent of 	,
hich is the case of frequency-independent phase dis-

ortion, and it is equivalent to the correction tech-
ique previously discussed for that case. Here the
onvolution function depends on 	. However, if the
hase distortion is slowly varying with x and 	, G	�	��
ill also vary slowly with 	, and all G	�	�� functions
re nonzero only around 	� � 0. This means that
ocally �around each 	 in the spectrum� the conditions
re similar to a real convolution, and good correction
esults can be achieved with this technique. In Sec-
ion 7 we will illustrate this technique by using the
ighly structured, near-UV solar spectrum as an ex-
mple.

. Simulated Performance of Frequency-Dependent
hase-Distortion Correction with a Near-UV Solar
pectrum

o assess the performance of the frequency-
ependent phase-distortion correction discussed
bove, we take a high-resolution near-UV solar spec-
rum,11 multiply it with a filter transmittance cen-
ered at approximately 309 nm, and bin it into 513
requency bins with a width of 60 mÅ. These pa-
ameters have been chosen because they are similar
o the parameters of the SHIMMER instruments.3,12

y use of Eq. �2� as a model, synthetic interferograms
ere generated for this spectrum for the various
hase-distortion functions described below. Figure
, panel A �6A�, shows the spectrum without any
hase distortion.
The first simulation uses a set of phase-distortion

unctions that are a superposition of a frequency-
ndependent contribution and a function that is pro-
ortional to the frequency and to the fourth power of
he pixel number to simulate image distortion. Fig-
re 6B shows three phase-distortion functions for the

requencies marked �I, �II, and �III in Fig. 6A. The
eftmost, black marking in Fig. 6A corresponds to the
ittrow frequency. Figure 6C shows the real part of

he uncorrected spectrum that is retrieved by the

ourier transform of the phase-distorted interfero- i

2

ram. It also shows the residuals with respect to the
nitial spectrum �Fig. 6A� in gray. Figure 6D shows
he phase-corrected spectrum and the residuals mul-
iplied by 10 in gray. The correction has improved
he residuals by more than an order of magnitude,
ut a systematic residual at the 1% level is still ap-
arent. The correction is not complete because it
elies on the assumption that the convolution func-
ions �the Fourier transform of the phase-distortion
unctions� are slowly varying with frequency and
uickly falling off to zero away from the center. The
hase-distortion functions and corresponding convo-
ution functions that we used for the first simulation
iolate mainly the second assumption. The convo-
ution functions in this simulation do not show rapid
onvergence to zero away from the center because the
hase distortion for the lowest frequency is signifi-
antly different from that at the highest frequency
nd the discrete Fourier transform of this disconti-
uity results in significant ringing.
One can avoid this behavior by choosing phase-

istortion functions that have the same value for the
ighest and lowest frequencies, as seen in Fig. 7B.
s a result, the residuals �Fig. 7D� of the corrected
pectrum improve significantly. Of course, this is
ot a real option for a given spectrometer, in which
he phase-distortion functions cannot be changed
asily. Another, more practical way to improve the
erformance of the correction is to reduce the resolu-
ion of the spectrum, for example by apodizing the

ig. 6. First simulation case: high spectral resolution and non-
eriodic phase distortion. A: high-resolution solar spectrum
ultiplied with a typical interference filter transmittance. The

eftmost, black mark indicates the Littrow frequency, and gray
arks indicate the frequencies for which the phase-distortion func-

ions are plotted in panel B. B: phase-distortion functions for
he frequencies marked in panel A. C: black curve, real part of
he uncorrected, phase-distorted spectrum. Gray, residuals be-
ween the uncorrected spectrum and the initial spectrum. D:
lack curve, phase-distortion-corrected spectrum. Gray, residu-
ls between the phase-distortion-corrected spectrum and the ini-
ial spectrum multiplied by 10.
nterferogram. The lower-resolution spectrum will
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ffectively minimize the contributions of the high-
requency ringing of the convolution function in Eq.
8�. However, the price of lower spectral resolution
as to be paid. Figure 8A shows the solar spectrum
onvoluted with the line-shape function that corre-
ponds to an interferogram apodization with a Han-
ing function. For this case, the residuals of the
orrected spectrum are well below the 1% level �see
ig. 8D�.
Many spectra are calculated with apodized inter-

erograms from the start to achieve a well-localized
nstrumental line-shape function rather than a sinc
ine-shape function that also includes significant
inging. In case the loss in resolution by apodizing
he interferogram is not acceptable, the phase-
istortion term can be included in a frequency-
ependent instrumental line-shape function for
urther data analysis.

. Conclusion

nterferograms measured by SHS instruments may
how phase distortion depending on the instrument
esign and implementation. If significant phase
istortion is present for a given instrument, it can
enerally be corrected without significant loss of the
ignal-to-noise ratio. We presented a method to de-
ermine the frequency-dependent phase distortion
nd applied it to a measurement of a UV SHS instru-
ent by using a multiline source. For this case, we

ig. 7. Second simulation case: high spectral resolution and pe-
iodic phase distortion. A: high-resolution solar spectrum mul-
iplied with a typical interference filter transmittance. The
eftmost, black mark indicates the Littrow frequency, and the gray

arks indicate the frequencies for which the phase-distortion func-
ions are plotted in panel B. B: phase-distortion functions for
he frequencies marked in panel A. C: black curve, real part
f the uncorrected, phase-distorted spectrum. Gray, residuals
etween the uncorrected spectrum and the initial spectrum. D:
lack curve, phase-distortion-corrected spectrum. Gray, resid-
als between the phase-distortion-corrected spectrum and the

nitial spectrum multiplied by 100. The residuals are more
han an order of magnitude smaller than in the first simulation
ase �Fig. 6�.
ound the phase distortion to be small �less than a

686 APPLIED OPTICS � Vol. 43, No. 36 � 20 December 2004
ringe even for the highest spatial frequencies� and
irtually frequency independent. We subsequently
imulated three phase-correction cases by using the
V solar spectrum around 309 nm with different

pectral resolutions and different phase-distortion
unctions. We verified that the correction method
orks well if the phase distortion varies slowly with

requency and if the Fourier transform of the phase-
istortion functions falls off quickly for higher fre-
uencies. Since the second assumption is not
ecessarily true, e.g., if the phase-distortion func-
ions are not periodic, we showed that decreasing the
esolution of the spectrum �apodizing the interfero-
ram� improves the quality of the correction.
Small phase distortions like the ones in our exam-

le should be the goal of every SHS spectrometer
esign but are not always easy to achieve.4 In these
ases the proper correction gains in importance.

Funding for this research was provided by the Of-
ce of Naval Research. Additional support for the
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